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Hydrodynamic characteristics of multiple-rudder configurations

Jialun Liu*, Robert Hekkenberg, Erik Rotteveel, Hans Hopman
Delft University of Technology, Mekelweg 2, 2628 CD, Delft, The Netherlands

Abstract

The manoeuvring performance of inland vessels is even more crucial than that of seagoing ships due to more complex
navigation environment. One of the most effective possibilities to improve ship manoeuvrability is to change the rud-
der configuration. Twin or even quadruple rudders and high-lift profiles are widely applied to inland vessels. When
inland vessels equip with multiple rudders (a large number of twin rudders and a small number of quadruple rud-
ders), the interaction effects between the rudders affect the hydrodynamic characteristics of each rudder. This paper
presents a study on these interaction effects using 2D Reynolds-Averaged Navier-Stokes (RANS) methods. Various
twin-rudder and quadruple-rudder configurations with different profiles and spacing among the multiple rudders were
studied. RANS simulations were performed with a k — w SST turbulence model and a pressure-based coupled algo-
rithm. Series of NACA, IFS, and wedge-tail profiles were tested. Based on the RANS results, regression formulas
have been proposed for the twin-rudder lift and drag coefficients considering the profile and the spacing. Finally,
interaction effects on multiple rudder hydrodynamics have been summarised.

Keywords: interactions among multiple rudders, multiple-rudder hydrodynamics, twin-rudder ships,

quadruple-rudder ships, RANS simulations

Nomenclature

Abbreviations

QPI  The inner rudder of the port side twin-rudder unit

QPO  The outer rudder of the port side twin-rudder unit

QSI The inner rudder of the starboard side twin-rudder unit

QSO The outer rudder of the starboard side twin-rudder unit
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SPSR  Single-propeller single-rudder

SPTR Single-propeller twin-rudder

TPQR Twin-propeller quadruple-rudder

TPTR Twin-propeller twin-rudder

Greek Symbols

o Root mean squared error (standard error) of the regression coefficients
Roman Symbols

Cp Drag coefficient

Cr Lift coefficient

Cg Rudder chord length

Cp, Drag coefficient at zero angle of attack

Cy, Lift coefficient at zero angle of attack

Dp Propeller diameter

kCr Regression coefficients of the drag coefficients in twin-rudder configurations

kCr Regression coefficients of the lift coefficients in twin-rudder configurations

R? R-squared (coefficient of determination) of the regression coefficients

YR Relative position of the rudder to the propeller shaft in a twin-rudder configuration
YTR Spacing between the twin rudders of twin-rudder configurations

yru Spacing between the two twin-rudder units of quadruple-rudder configurations

Superscripts

S Single rudder

TP Port side of a twin-ruder configuration

TS Starboard side of a twin-ruder configuration
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1. Introduction

When the area of a single rudder is limited and insufficient to satisfy the manoeuvring requirements, multiple-
rudder configurations are applied to inland vessels to enlarge the total rudder area. Examples of multiple-rudder
configurations include, but are not limited to, single-propeller twin-rudder, twin-propeller twin-rudder, and twin-
propeller quadruple-rudder. Nowadays, a large number of newly built inland vessels are equipped with a configuration
consisting of twin propellers and twin rudders. Also, a significant number of ships have twin propellers with quadruple
rudders. Furthermore, the twin-propeller twin-rudder configuration has also been applied to large seagoing ships in
order to enhance its performance in manoeuvring, especially in shallow water.

Apart from the selection of the rudder profile, the rudder properties, and the rudder type for each rudder (Liu
and Hekkenberg, 2016), the spacing between rudders needs to be considered as well. This spacing affects the extent
to which interaction effects influence the hydrodynamic characteristics, i.e. lift and drag coefficients, of the rudder
configuration. Despite this, the hydrodynamic coefficients in a twin-rudder configuration are commonly assumed
equal for both rudders although they are actually different for each rudder. The rudder profile may also influence the
interaction between rudders in a multiple-rudder configuration. However, it is not explicitly considered in existing
empirical formulas used for estimation of rudder force coefficients. Therefore, the study presented in this paper
attempts to cover a wide variety of multiple-rudder configurations considering the spacing and the profile.

Traditionally, wind-tunnel tests (Thieme, 1965; Molland and Turnock, 2007) or towing tests (Vantorre, 2001) are
being used to study rudder hydrodynamics. New test methods such as Particle Image Velocimetry (PIV) (Felli and
Falchi, 2011; Gim, 2013), are also being applied nowadays to gain insights into the flow dynamics. Additionally,
Computational Fluid Dynamics (CFD) methods, especially those that apply the Reynolds-Averaged Navier-Stokes
(RANS) equations, are widely being used to study different aspects of rudder design (Van Nguyen and Ikeda, 2014;
Badoe et al., 2015; Shen et al., 2016). This paper presents RANS simulations for twin-rudder and quadruple-rudder
configurations with different spacings and profiles.

A series of CFD computations have been conducted to study the rudder hydrodynamics of multiple-rudder con-
figurations. Section 2 introduces the multiple-rudder configurations considered in this study. Section 3 then presents
the applied approach for the computations. Section 4 and Section 5 discuss the impacts of spacing between rudders
and the impacts of the rudder profile respectively, for twin-rudder configurations. Section 6 presents the impacts of
spacing for quadruple-rudder systems. Section 7 describes the development of a regression model for the lift and drag
coefficients of rudders in a twin-rudder configuration. Finally, Section 8 presents conclusions and gives suggestions

for future work.



2. Multiple-rudder configurations

For the study presented in this paper, two aspects of twin-rudder and quadruple-rudder configurations were con-
sidered: the spacing between the rudders (Section 2.1) and the applied rudder profile (Section 2.2). These aspects
influence the hydrodynamic characteristics of the rudders and therefore affect the rudder performance with regard
to manoeuvring and propulsion. Section 2.3 presents the rudder configurations investigated in this study. For each

rudder, the force conventions are illustrated in Figure 1. In this paper, counter-clockwise angles are taken as positive.

Chord line Inflow

Lift . Tangential force

Angle of attack

Figure 1: Rudder force conventions.

2.1. Spacing among rudders

The relative positions of multiple rudders are defined by the lateral spacing between the rudder stocks, which
are shown in Figure 2. For twin-rudder configurations, the spacing between the two rudder stocks (yrg) is normally
around the value of the propeller diameter (Dp). Additionally, for inland vessels, the rudder chord length (Cg) is
commonly not much different from Dp. Therefore, in this paper, Cg is used as the non-dimensional factor for the
spacing between rudders. A quadruple-rudder configuration can be regarded as a combination of two twin-rudder
units with specified spacing between the two inner stocks (yry). When yrg and yry are large enough, no interaction

effect is expected.

2.2. Applied rudder profiles

A rudder profile is the sectional shape of the rudder in 2D. The profile significantly affects the hydrodynamic

characteristics. Furthermore, the profile can be symmetric and asymmetric. Three symmetric series including NACA,
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Figure 2: Conventions of twin-rudder and quadruple-rudder configurations.

IFS, and wedge-tail were tested. Additionally, rudder thickness was varied in three steps for each profile. The wedge-

tail profiles included in this study were derived from conventional NACA profiles. Altogether, 10 different profiles

Ui

NACA 0015 NACA 0018 NACA 0020 NACA 0025 Wedge 0015 Wedge 0020 Wedge 0025 IFS58 TR15 IFS61 TR25 IFS62 TR25

were tested as illustrated in Figure 3.

Figure 3: Applied rudder profiles for multiple-rudder interaction study.

Profiles of a NACA series are widely applied as ship rudders. They provide sufficient manoeuvring forces with
low drag. Another profile series commonly applied is the IFS series, which was intended for ship rudders specifically.
In cases where large manoeuvring forces are required, high-lift profiles, for instance, wedge-tail, are used. However,
the exact geometries of these high-lift profiles are not publicly available. Flat plate rudders are not included in this
research since they cannot provide high lift at large angles. Finally, flapped rudders are excluded since they may be

too expensive for an inland ship.



2.3. Test configurations

The tests were divided into three groups. Table 1 gives an overview of the groups and the test cases. The first
group of tests was conducted to purely investigate the impacts of the spacing between twin rudders on the performance
of the twin-rudder configuration (Section 4). The second group provided insights into the impacts of the choice of the
profile for twin-rudder configurations (Section 5) and the third group focused on impacts of the spacing for quadruple-
rudder configurations (Section 6). In total, 70 cases were investigated using RANS simulations, of which the details

are presented in the next section.

Table 1: Test configurations to analyse the impacts of the spacing and the profile on multiple-rudder configurations.

Section Profile yrr (Cr) yru (Cr)

Section4 NACA 0018 04,0.5,0.6,0.7,0.8,09,1.0 -

NACA 0015, NACA 0020, NACA 0025
Section 5 IFS58 TR15, IFS61 TR2S, IFS62 TR25 0.5,0.6,0.7,0.8, 0.9, 1.0 -
Wedge-tail 0015, Wedge-tail 0020, Wedge-tail 0025

Section6 NACA 0018 0.5,0.75, 1.0 0.5,1.0,1.5

3. Applied RANS methods

To have reliable RANS results, the mesh and the solver used in the simulations required careful configuration. The
mesh represents the computational domain in a discrete form on which governing equations are solved numerically. In
this paper, unstructured meshes were used with structured inflation layers in a two-dimensional rectangular domain.
The domain was 90 Cg long and 60 Cg wide to minimise the influence of the boundaries on the results. The applied
boundary conditions were symmetry, velocity-inlet, pressure-outlet, and wall as shown in Figure 4. Additionally, an
inner domain was added to refine the meshes around the profile to properly capture the wake field.

The simulations were carried out at a Reynolds number of 6 x 10° above which the hydrodynamic characteristics
are expected to be independent of the Reynolds number (Ladson, 1988). Eleni et al. (2012) indicated that the k—c«w SST
turbulence has a closer agreement with experimental results than the Spalart-Allmaras and Realizable k — € models.
Moreover, the k—w SST model is in general good at simulating the flow through the viscous sub-layer as well as in the
wake of the free-stream. Therefore, the K — w SST model was applied for all simulations in this paper. Accordingly,
the non-dimensional first layer height y+ was configured to be smaller than 1. Figure 5 illustrates an example of the
applied meshes for a twin-rudder configuration. This RANS method was validated with a NACA 0012 profile and
applied for single-rudder studies in the authors’ previous work (Liu et al., 2016).

6
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Figure 4: Applied mesh topology and boundary conditions. Adapted from Liu et al. (2016).
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Figure 5: Applied unstructured meshes with structured inflation layers.
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Uniform inflow velocity was used so that the computations correspond to open-water tests. In practice, the pres-
ence of the hull and the propellers will lead to non-uniform inflow. Also, if the rudders are set at a certain angle,
the ship attains or already has a yaw rate and drift angle, also affecting the inflow towards the rudders. This will
be, to a certain extent, be compensated for by the to the flow straightening effect of the propeller, especially since
inland vessel propellers are commonly heavily loaded due to their limited diameter. The effects of propeller thrust on
rudder hydrodynamics may also be neglected in the case of single-propeller single-rudder (SPSR) configurations and
twin-propeller twin-rudder (TPTR) configurations since the rudder stock is in line with the propeller shaft. For such a
case, open-water tests can be considered as a good approximation.

In the case of single-propeller twin-rudder (SPTR) and twin-propeller quadruple-rudder (TPQR) configurations,
the effects of propeller slipstream become larger. For SPTR inland vessels on the Rhine, the spacing between the
twin rudders (yrg) is commonly smaller than the propeller diameter (Dp) and the rudders are, therefore, inside the
propeller slipstream according to Quadvlieg (2013). However, when y7 is larger as was investigated in this paper,
the rudders move outside of the slipstream and will thus encounter a lower inflow speed. A larger yrg would thus lead
to decreased effectiveness of the rudder system. Since the presented study focused on the interaction between twin
rudders, this effect was not considered for now but is recommended for further research.

Another effect not included in this study is propeller outflow contraction following from conservation of mass
as shown in Figure 6. Including this would have the rudders in the case of SPTR or TPQR configurations being
subject to an attack angle even at zero angle of attack. At high rudder angles, separation may occur earlier. For low
rudder angles, however, the lift forces on both rudders per propeller are opposite, so the effectiveness of the total
configuration is not that much affected.

Propeller disc
\
\»

Inflow

Figure 6: Streamline contraction along the propeller disc.

Finally, the present study did not include the effects of asymmetric inflow due to drift and yaw. For twin-propeller
configurations, one of the propellers experiences a different inflow and thus produces different outflow if the ship
is subject to a non-zero drift angle. Even for a single-propeller configuration, the wake field changes as was shown

by Harvald (1983). Due to flow straightening by the propellers, however, the per-propeller rudder system behaviour
8



should not be affected significantly so effects due to yaw and drift can be accounted through changing the outflow
speed per propeller accordingly. Still, despite these few deviations from a practical case, effects purely following from
rudder interactions in multi-rudder configurations can be observed more clearly if an open water case is investigated
as was done in this paper. In further investigations, it is recommended to include effects from non-uniform inflow to

investigate how that changes the rudder performance.

4. Impacts of the spacing on twin-rudder hydrodynamics

The spacing between twin rudders (yrg) affects the pressure distribution around the twin rudders and thus changes
the hydrodynamic characteristics. To analyse the impacts of yyg on twin-rudder hydrodynamics, single-rudder and
twin-rudder configurations, both with a NACA 0018 rudder profile, were tested with yrg between 0.4 Cg and 1.0 Cg at
intervals of 0.1 Cg. The range of the test angles of attack was 0° to 35°. Figure 7 illustrates the pressure distributions

of twin rudders with different yrx at the angle attack of 10°.
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Figure 7: Pressure distributions and stream traces of twin NACA 0018 rudders at an angle of attack of 10° with various yrg.

A clear low-pressure region is observed between the twin rudders. For increasing yg, the low-pressure region got
weaker and therefore, the pressure difference between the two sides of the port side rudder increased while that of the
starboard side rudder decreased, which led to an increase in the port side rudder lift coefficient and a decrease in the
starboard side lift coefficient. The pressure at the leading edge of the port side rudder was decreased while that of the
starboard side rudder was increased. This phenomenon explains the changes in the drag coefficients of each rudder.

Figure 8 compares the lift and drag coefficients of the single rudder and each rudder in the twin-rudder configurations
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with various yrg.
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Figure 8: Lift and drag coefficients of a single NACA 0018 rudder and either side of twin NACA 0018 rudders with various yrg.

Stall angles of the port and starboard side rudder increase in a twin-rudder system were compared to the stall angle
for a single rudder. Especially for the starboard side rudder, the sharp decrease of the lift coefficient after the single-
rudder stall angle did not occur. For smaller rudder angles, the lift slopes of both rudders were roughly similar but
smaller than that of the single-rudder case. In general, the starboard side rudder yielded higher lift coefficients than
the port side rudder. However, for y7g between 0.9 Cg and 1.0 Cg, the port side rudder yielded a larger lift coefficient
than the starboard rudder for angles of attack in the range of 10° to 16°.

The drag coefficient curves of both rudders in the twin-rudder configuration showed an approximately symmetric
deviation from the drag coefficient of the single rudder for small angles of attack. The drag coefficients were more
sensitive to the change of yrg at larger angles of attack (larger than 15°) because frictional drag is dominant at small
angles, while pressure drag is dominant at large angles of attack. Due to the low-pressure region between the rudders
in the twin-rudder configuration, the drag coefficient of the port side rudder was negative at certain rudder angles,
which means that it was generating thrust. This was compensated for by the starboard side rudder which had a much
higher drag coefficient than the single rudder. Due to this difference in drag between the twin rudders, a yaw moment
acting on the ship was generated. In general, this moment will be small but it can be significant at angles of attack.

The influence that yrg had on the lift coefficient of the port side rudder (C{P ) was larger than its influence on the
lift coefficient of the starboard side rudder (C{S ). An increase in y7g led to an increase in C{P and a relatively small
decrease of C{S. Smaller values of yrg led to stronger impacts on the lift coefficients compared to the lift coefficient
of the single rudder. Figure 9 shows the total (i.e. sum of the lift and drag coefficients of both rudders) hydrodynamic

coefficients of the twin-rudder configuration for different values of yrg. ‘Single’ indicates the coefficients for a single

10



rudder and ‘INF’ corresponds to a twin-rudder configuration with infinite yrg. The hydrodynamic coefficients of the
system corresponding to ‘INF’ are twice those of the single rudder system.
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Figure 9: Total hydrodynamic coefficients of a single NACA 0018 rudder and twin NACA 0018 rudders with various yrg.

The total lift coefficient and its slope against the attack angle increased when yrg increased. The total drag
coefficient slightly decreased for larger yrz at angles of attack smaller than 20° but increased at large angles of attack.
The total lift to drag ratios (C./Cp) decreased if y7x became smaller because the lift coefficient decreased faster than
the drag coefficient. Furthermore, twin-rudder configurations with a large value of yrr yielded higher normal force
coefficients than configurations with smaller yrz. Overall, an increase in yrx leads to an increase in efficiency (i.e. the
lift to drag ratio) and effectiveness (the normal force) of the twin-rudder system in open water, with the upper limit of

efficiency and effectiveness set by the data corresponding to ‘INF’.
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5. Impacts of the profile on twin-rudder hydrodynamic characteristics

The previous section discussed the impacts of spacing between rudders on the hydrodynamic coefficients of a
twin-rudder configuration. This section presents the test results of 9 profiles from 3 families as listed in Table 1 to
analyse the effect of the chosen rudder profile on the hydrodynamic coefficients. Figure 10 and Figure 11 show the
pressure distribution and stream traces of 3 selected profile series. In results for thicker profiles, larger interaction
effects were occurring because the wake fields of these profiles were larger than those of the thinner profiles.

The non-streamlined wedge-tail rudder profiles recovered part of the pressure at the trailing edge and therefore
produced larger lift forces at the cost of increased drag. Furthermore, the wedge-tail profile results show larger
recirculation than other profiles, which increased the pressure difference between the pressure and the suction side
and thus produced larger lift force, but also led to increased drag. Additionally, the pressure distribution around the IFS
profiles shows a stronger decrease of pressure at the leading edge, which partly explains their balanced performance
in lift and drag.

The hydrodynamic coefficients of the profiles considered are presented in Figure 12 and Figure 13 for yrx values
of 0.5 Cr and 1.0 Cg respectively. These two spacings were selected because they are the minimum and maximum
values of yrg among commonly applied twin-rudder configurations. The angles of attack that were used are in the
range of 0° to 35° with intervals of 1°. From Figure 12 and Figure 13, it was observed that the impacts of yrg
on the hydrodynamic characteristics are similar for different rudder profiles: increasing yrg increased the total lift
coefficient, the slope of the total lift curves, and the total drag coefficient. Thus, the total normal force became larger,
which enhances the effectiveness of the twin rudders.

Since the increase in the total lift coefficient was larger than the increase in the total drag coefficient, the total lift
to drag ratio got larger which led to an improvement of the efficiency of the twin-rudder system. Of the profiles tested,
a wedge-tail profile showed to be most effective. The NACA profile was most efficient and the IFS profile showed that
it is balanced in efficiency and effectiveness. The thinner profiles showed better performance than the thicker ones.
Overall, well-streamlined profiles (NACA and IFS) performed better than profiles with non-streamlined appendages

(wedge-tail) with regard to efficiency, but they performed worse in terms of effectiveness.

6. Impacts of the spacing on quadruple-rudder hydrodynamics

To analyse the interaction effects between the two twin-rudder units in quadruple-rudder configurations, yrg and
yry were varied in 3 steps as listed in Table 1. In total, 9 combinations were tested and compared. The angles of
attack considered are in a range of 0° to 15°, which is smaller than the range used for other computations to reduce the

computation time. Figure 14 presents the pressure distributions and the stream traces of each case. Similar to what

12
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Figure 10: Pressure distributions and stream traces of twin-rudder configurations with different profiles at an angle of attack of 10° with yrg =

0.5 Cg.
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Figure 11: Pressure distributions and stream traces of twin-rudder configurations with different profiles at an angle of attack of 10° with yrg =

1.0 Ckg.
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Figure 12: Total hydrodynamic coefficients of various twin rudders with yrg = 0.5 Cg.
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Figure 13: Total hydrodynamic coefficients of various twin rudders with yrg = 1.0 Cg.
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was observed for the twin-rudder system, and increases in yrg and yry lead to the pressure distribution around each

rudder to become more similar to that of a single rudder.

Pressure
1.60E+04
1.10E+04
6.00E+03
1.00E+03

-4.00E+03

-9.00E+03

-1.40E+04

-1.90E+04

-2.40E+04

-2.90E+04

-3.40E+04

-3.90E+04

-4.40E+04

-4.90E+04

-5.40E+04

-5.90E+04

-6.40E+04

(a) VTR = 0.50 CR and yYru = 0.5 CR.

Pressure
1.60E+04
1.10E+04
6.00E+03
1.00E+03

-4.00E+03

-9.00E+03

-1.40E+04

-1.90E+04

-2.40E+04

-2.90E+04

-3.40E+04

-3.90E+04

-4.40E+04

-4.90E+04

-5.40E+04

-5.90E+04

Pressure
1.60E+04
1.10E+04
6.00E+03
1.00E+03

-4.00E+03

-9.00E+03

-1.40E+04

-1.90E+04

-2.40E+04

-2.90E+04

-3.40E+04

-3.90E+04

-4.40E+04

-4.90E+04

-5.40E+04

(g) VTR = 1.50 CR and yYru = 0.5 CR.

Pressure
1.60E+04
1.10E+04
6.00E+03
1.00E+03

-4.00E+03

-9.00E+03

-1.40E+04

-1.90E+04

-2.40E+04

-2.90E+04

-3.40E+04

-3.90E+04

-4.40E+04

-4.90E+04

-5.40E+04

-5.90E+04

-6.40E+04

(b) VTR = 0.50 CR and yYru = 1.0 CR.

Pressure
1.60E+04
1.10E+04
6.00E+03
1.00E+03

-4.00E+03

-9.00E+03

-1.40E+04

-1.90E+04

-2.40E+04

-2.90E+04

-3.40E+04

-3.90E+04

-4.40E+04

-4.90E+04

-5.40E+04

-5.90E+04

-6.40E+04

Pressure
1.60E+04
1.10E+04
6.00E+03
1.00E+03

-4.00E+03

-9.00E+03

-1.40E+04

-1.90E+04

-2.40E+04

-2.90E+04

-3.40E+04

-3.90E+04

-4.40E+04

-4.90E+04

-5.40E+04

-5.90E+04

-6.40E+04

(h) VTR = 1.50 CR and yYru = 1.0 CR.

Pressure
1.60E+04
1.10E+04
6.00E+03
1.00E+03

- -4.00E+03

-9.00E+03

-1.40E+04

-1.90E+04

-2.40E+04

-2.90E+04

-3.40E+04

-3.90E+04

-4.40E+04

-4.90E+04

-5.40E+04

-5.90E+04

-6.40E+04

(C) VTR = 0.50 CR and Yru = 1.5 CR.

Pressure
1.60E+04
1.10E+04
6.00E+03
1.00E+03

 -4.00E+03

-9.00E+03

-1.40E+04

-1.90E+04

-2.40E+04

-2.90E+04

-3.40E+04

-3.90E+04

-4.40E+04

-4.90E+04

-5.40E+04

Pressure
1.60E+04
1.10E+04
6.00E+03
1.00E+03

 -4.00E+03

-9.00E+03

-1.40E+04

-1.90E+04

-2.40E+04

-2.90E+04

-3.40E+04

-3.90E+04

-4.40E+04

-4.90E+04

-5.40E+04

-5.90E+04

-6.40E+04

(l) YTR = 1.50 CR and yYru = 1.5 CR.

Figure 14: Pressure distribution and stream traces of quadruple-rudder configurations at angle of attack of 10° with different yrg and yry.

The lift and drag coefficients of each rudder in the quadruple-rudder configurations are compared to those of the

single-rudder in Figure 15 and Figure 16. As shown in Figure 2, Single, Average, QSO, QSI, QPI, and QPO denote

the single rudder, the average coefficient of the quadruple rudders, the outer rudder of the starboard side twin-rudder

unit, the inner rudder of the starboard side twin-rudder unit, the inner rudder of the port side twin-rudder unit, and the

outer rudder of the port side twin-rudder unit respectively. In accordance with the changes in the pressure distribution,

the lift and drag coefficients of each rudder in quadruple-rudder configurations got close to those of the single rudder
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as spacing among rudders increased.
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Figure 15: Lift coefficients of each rudder in a quadruple-rudder configuration compared to the lift coefficient of a single rudder.

The total hydrodynamic coefficients of the quadruple-rudder configurations are compared with each other in Fig-

ure 17. For an equal value of yrg, the quadruple-rudder configuration with the larger y;y value showed larger total

Cy, but lower total Cp. Therefore, total C;/Cp and total Cy were higher. This is explained by the fact that the two

inner rudders (QSI and QPI) are in the low-pressure field that is caused by the two outer rudders (QSO and QPO).

When yry was kept equal, the lift coefficient increased and the drag coefficient decreased as yyg increased. In total,

the efficiency and the effectiveness of a quadruple-rudder configuration improved as yrg and yry got larger.
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Figure 16: Drag coefficients of each rudder in a quadruple-rudder configuration compared to the drag coefficient of a single rudder.

19



S5r 0.1
—%-yrp = 0.50 Cg and yry = 0.5 Cp —x-yrr = 0.50 Cp and yry = 0.5 Cr
—0- yrr = 0.50 Cg and yrp = 1.0 Cp —C- yrr = 0.50 Cp and yrpy = 1.0 Cr '
—A—yrp = 0.50 Cg and yrp = 1.5 Cp —A—yrr = 0.50 Cp and yrp = 1.5 Cp X
4F| =5 yrp = 0.75 Cp and ypy = 0.5 Cg 0.09 F|=3-yrp = 0.75 Cr and yry = 0.5 Cp ) S
—0- yrr = 0.75 Cr and yry = 1.0 C —0— yrr = 0.75 Cg and yry = 1.0 Cp
—A—yrp = 0.75 Cg and yrp = 1.5 Cp X —A—yrp = 0.75 Cr and yry = 1.5 Cp 7
—%-yrg = 1.00 Cg and yry = 0.5 Cg P —%-yrp = 1.00 Cg and yry = 0.5 Cg X
- 3| =0 yrr = 1.00 Cg and yry = 1.0 Cg )(.,-" T 0.08 | o~ yrp = 1.00 Cg and yry = 1.0 Cp o g
g —A—yrg = 1.00 Cg and yru %= = —A—yrp = 1.00 Cg and yrv N
o
€ 2 £ 007
3 8
- o0
& =
= 2 0.06
04 0.05
1 I I | 0.04 I I |
0 5 10 15 0 5 10 15
Angle of attack (deg) Angle of attack (deg)
60 5r
50 4t
T 4or <
=
3L
El g
g &
=
&Eo 30F EES
g ° a2t
) 3]
< =
g 27 5 = =0.50 C and =05C
5 —%-yrr = 0.50 Cg and yry = 0.5 C = —%-yrr = 0. ® and yrp = 0.5 Cp
- =G~ yrr = 0.50 C and yry = 1.0 Cp g —0- yrr = 0.50 Cg and yry = 1.0 Cg
= 10 —A—yrp = 0.50 C and ypp = 1.5 Cp & —A—yrp = 0.50 Cp and yrp = 1.5 Cg
- Z

—=%-ypp = 0.75 Cp and yry = 0.5 C

—G- yrp = 0.75 Cp and yry = 1.0 Cp

—A—ypp = 0.75 Cp and ypy = 1.5 Cp

0.5 Cp

—C~ yrr = 1.00 Cg and yry = 1.0 Cg

—A—yrg = 1.00 Cg and yrp = 1.5 Cg
0

—=%-yrp = 0.75 Cp and ypy = 0.5 Cp

—0- yrr = 0.75 Cr and ypy = 1.0 Cp

—A—yrp = 0.75 Cg and yry = 1.5 Cp

—%-yrr = 1.00 Cp and yry = 0.5 Cr

—0~ yrr = 1.00 Cg and ypp = 1.0 Cg

—A—yrr = 1.00 Cg and yrp = 1.5 Cr
I

10

Angle of attack (deg)

10

Angle of attack (deg)

Figure 17: Total hydrodynamic coefficients of quadruple NACA 0018 rudders with various yrg and yry.
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7. Regression analysis for twin-rudder hydrodynamic coefficients

In Section 4, the impacts of spacing between rudders in a twin-rudder system was discussed. From the data in
Figure 2, a correlation between the hydrodynamic coefficients of each rudder and those of the single rudder was found.
Therefore, a regression study, which is presented here, was conducted in order to develop a prediction method that
allows the prediction of the lift and drag coefficients of starboard and port side rudders (C'5, CI*, CTS and CIF) in
the twin-rudder configuration based on the single-rudder lift (Ci) and drag (CIS)) coefficients.

In practice, the twin rudders on inland vessels should be able to be operated at rudder angles of almost 90°.
Because of this, the gap between the twin rudders can be closed to achieve shorter stopping distance than the common
reverse engine stopping. Additionally, the rudder stock is commonly located at a quarter of the chord length from
the leading edge. Therefore, the practical minimal spacing between twin rudders is 0.5 Cg. Because of this the data
related to yrg of 0.4 Cg was not used in the regression study.

Considering the impacts of the rudder profile and the spacing on lift and drag coefficients, the regression formulas

were given the following format:

C Cr C acs C C C
TS,TP c Cr a Cr L. |,c. Cr R c R
C, (k ‘ TSP | TSTP +ky* Tstp t 1] da sin | k3" TS,TP | _TSTP kgt TSTP +1a
R R R R R YR
kCL TgRTP TiTP CS
YR R )
Cr | Cr_ c, Cr acy, (¢ Cr _Cr ¢, Cr
CTSTP (kCD + k)P —— + 1| = sin[ k3" —— k" +1]
TSTP | TSTP 2 TSTP TS TP | TSTP 4 TTSTP
YR YR YR Oa YR R
C C
C R R S
kSD TS, TP | TS, TP +CD0’
YR R

where

) )g “7 concerns the relative position of each rudder in a twin-rudder configuration. y 5 and ylzp are the relative

positions of the starboard side and the port side rudder to the propeller shaft.

a
. ai and 2 22 are the slopes of the lift and drag coefficients of a single rudder, which are dependent on the rudder
profile.
° kCL o }TE';,, vTC;’R“’ kCL Cp yTCS’;P + 1 considers the interaction effect on the lift and drag slopes.
7R
° kCL .Cp Cg CR kCLCD Cr

e e ST + 1 accounts for the interaction effect on the effective angle of attack.
R

kCL Co ),ER,P % represents the interaction effect on the lift and drag coefficients at zero angle of attack.

Yr
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e C} and C}, are the lift and drag coefficients of a single rudder at zero angle of attack. Cj and Cj, can

be assumed as zero for symmetric well-streamlined profiles while they should be non-zero when asymmetric

profiles are applied.

% and % were determined from the lift and drag coefficients of single-rudder at angles of attack in the range
of 0° and 10°. This range was chosen to minimise the impacts of the strong flow separation around the stall angle.
Both rudders in the twin-rudders configuration were positioned at equal distance from the propeller shaft. Therefore,
v = Yyrg and yk? = —1yrg. The applied values of %, %, Cj, and C}, for single profile were adapted from Liu
et al. (2016). Least squares fitting was performed to determine to coefficients in Equation 1, using the data presented
in Figure 2. The coefficients of the regression formulas for the lift and drag curves are presented in Table 2 and Table 3
respectively, where R? is R-squared (coefficient of determination) and o~ are root mean squared error (standard error)

of the regression coefficients.

Table 2: Regression coefficients of the lift coefficients of each rudder in the twin-rudder configurations.

Rudderprofile b ¢ k% A& g8 g0 gS R, o

NACA 0015 6.175 0000 0109 -0.493 -0.069 0378 0079 0999 0.001
NACA 0018 6014 0000 -0078 0387 0118 -0514 0067 0999 0.010
NACA 0020 5845 0000 -0064 0372 0098 -0475 0083 0999 0.012
NACA 0025 5260 0000 -0073 0437 0056 -0401 0064 0993 0.024
IFS58 TR15 6852 0000 0.140 -0.572 -0.095 0427 0071 0999 0.012
IFS61 TR25 7265 0000 0.176 -0.642 -0076 0389 0169 0999 0.017
IFS62 TR25 7096 0000 -0729 1101 0710 -1.235 0.182 0969 0.080

Wedge-tail 0015 7.159  0.000 0.156  -0.620 -0.092 0.437 0.003 0.998 0.015
Wedge-tail 0020 7.569  0.000 -0.084 0415 0.167 -0.642 0.065 0.997 0.019
Wedge-tail 0025 8.004 0.000 -0.068 0.377 0206 -0.713 0.168 0.996 0.030

The surface fitting and related residuals of the regression formulas with the coefficients in Table 2 and Table 3 are
presented in Figure 18 for the NACA 0018 profile as an example. The regression formulas are then used for different
profiles at yyg = 0.5 Cg and y7g = 1.0 Cg and compared with the RANS results in Figure 19, Figure 20, Figure 21,
and Figure 22 respectively. The comparison shows that the equations presented can be used to estimate hydrodynamic

coefficients for the profile series considered in this study.
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Figure 19: Comparison of predicted and tested lift coefficients of different profiles in the twin-rudder configuration with y7z = 0.5 Cg.
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Figure 20: Comparison of predicted and tested drag coefficients of different profiles in the twin-rudder configuration with yrg = 0.5 Cg.
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Figure 21: Comparison of predicted and tested lift coefficients of different profiles in the twin-rudder configuration with y7z = 1.0 Cg.
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Figure 22: Comparison of predicted and tested drag coefficients of different profiles in the twin-rudder configuration with yrg = 1.0 Cg.
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Table 3: Regression coefficients of the drag coefficients of each rudder in the twin-rudder configurations.

Rudderprofile B ¢® k> kP 4 k& R o,

NACA 0015 0032 0008 3580 -1524 -0012 0045 0000 0999 0001
NACA00IS 0031 0009 2729 -1.145 -0002 0019 0000 099 0001
NACA0020 0032 001 4221 -1562 -0009 0046 0000 0998 0001
NACA0025 0036 0011 4506 099 0001 0053 -0001 0996 0002
IFSS§TRIS 0033 0014 2210 -1360 -0.006 0026 0001 0998 0.001
IFS61TR25 0051 0019 3444 2630 0014 0031 0002 0994 0.002
IFS62TR25 0078 0011 1749 -1327 0265 -0400 0003 0993 0.002

Wedge-tail 0015  -0.005 0.065 -7.663 -7.268 -0.208 0.512 0.001  0.979 0.002
Wedge-tail 0020 0.003  0.055 38.646 -5.670 -0.161 0376 0.001 0.947 0.006
Wedge-tail 0025 0.014  0.045 17.057 -9.379 -0.113 0274 0.001  0.993 0.003

8. Conclusions and recommendations

In this paper, the impacts of the spacing and the profile on twin-rudder and quadruple-rudder configurations were
analysed through series of RANS simulations. A regression study was performed to predict lift and drag coefficients
of each rudder in twin-rudder configurations using single-rudder hydrodynamic coefficients. The primary conclusions

are summarised as follows:

1. For open water, an increase in yrg increases the total lift coefficient, the total drag coefficient, the total lift to
drag ratio, and the total normal force coefficient. Therefore, both the efficiency and the effectiveness of the
twin-ruder system improve as the rudders are placed further apart.

2. Different rudder profiles have different hydrodynamic characteristics. However, the profile does not signifi-
cantly affect the tendency of the impacts of yrg on the twin-rudder hydrodynamics. The significance of the
interaction effect is primarily determined by the spacing.

3. As yrg and yry increase, the total lift coefficient, the total lift to drag coefficient, and the total normal force
coefficients of a quadruple-rudder configuration in open water increase while the total drag coefficient decreases.
Therefore, the efficiency and the effectiveness of the quadruple-rudder system improves as yrg and yry get
larger.

4. Regression formulas for the lift and drag coefficients of each rudder in twin-rudder configurations are pro-
posed (Equation 1). These equations take the profile and the spacing between rudders into account. Related

coefficients are provided for the tested series in Table 2 and Table 3..
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The present study included open water tests in 2D in order to specifically study the effect of rudder spacing on the
interaction effects between rudders. In practical cases, the rudders are either inside or outside the propeller outflow
depending on the spacing. Furthermore, streamline contraction imposed by propeller action also affects the flow
around the rudders. In order to enhance the model presented in this paper as well as to obtain better insights into the

characteristics of multi-rudders systems, these effects are recommended to be invested in the future.
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